Featured Application: The work presented in this paper is suitable for application to the evaluation of existing reinforced concrete structures in buildings, brides, and tunnels.
Introduction
Corrosion induced by carbonation is the primary reason for the deterioration of concrete structures exposure to an atmospheric environment [1] [2] [3] [4] [5] and non-optimum environments [6] [7] [8] . The pH of Portland cement concrete is usually in the range of 12.5 to 13.8 [9] [10] [11] [12] [13] [14] . Under this high alkalinity environment, the rebar surface can form a passive film that prevents the rebar from corroding. The pH of concrete decreases due to the carbonation reaction; furthermore, this process can accelerate the destabilization of the passive film on the rebar [15] . Once pH decreases to around 9.0-9.5, the rebar will begin to corrode due to the passive film breakdown [16] [17] [18] [19] [20] [21] . Therefore, pH is a major concern for the corrosion initiation of rebars embedded in concrete.
It is very important to measure the pH of concrete, and several methods have been developed for measuring pH values of concrete, such as the in-situ leaching method [22, 23] , the ex-situ leaching method [24, 25] , the halochromic sensor method [26, 27] , and the expression method [28, 29] . There is general agreement that the expression method is the most reliable test procedure available for acquiring the pH of concrete.
Much work has focused on the prediction model of the corrosion initiation period of rebars under atmospheric environments. A corrosion initiation period model has been proposed, in which a carbonation front penetrates the depth of concrete cover the corrosion of rebars initiated [30, 31] .
The traditional carbonation-induced corrosion mechanism employs the carbonation depth to indirectly reflect the corrosion status of rebars. Carbonation depth is usually measured with a phenolphthalein indicator, which is a fast and convenient method [2] . However, the indicator only indicates a pH range of 8.0-9.8 [17] . Thus, it provides limited information regarding the actual carbonation status of concrete. Moreover, it cannot explain how the rebar becomes corroded when the carbonation front has not reached the surface of the rebar [30] . Therefore, it is urgent to study the relationship between the pore solution pH of concrete and the corrosion status of rebars embedded in concrete.
To study the effect of pore solution pH on rebar corrosion initiated by carbonation, several methods are frequently employed, such as a simulated concrete pore solution, an accelerated carbonation test, and natural carbonation. A simulated concrete pore solution is frequently used to study the corrosion initiation of rebars for a short experimental period in spite of its limitations [32] [33] [34] . Carbonation tests show that the pH of uncarbonated concrete is in the range of 12.5 and 13.8 [13, [35] [36] [37] . However, the pore solution pH under accelerated carbonation is significantly lower than that at natural CO 2 concentrations, leading to underestimations of the service life of structures [37, 38] . There is a small amount of data that is available under accelerated exposure conditions in controlled environments [9, [39] [40] [41] . The pore solution pH of cover concrete is one of the most important parameters that can be used in the service life prediction of structures; however, only a few actual concrete pore solution pH tests have been conducted on reinforced concrete structures exposed to long-term natural environmental conditions. This paper presents an in-situ inspection and experimental investigation on the pore solution pH of cover concrete for corrosion initiation of rebars embedded in concrete under a long-term carbonation reaction. An old steel mill was inspected, and concrete cover samples were collected to test the pH of the concrete pore solution and phase compositions layer by layer. Pore solution was extracted from discrete depths of the in-situ concrete cover samples by cutting the specimens into slices. Concrete strength was determined with drilled cylinder specimens, which was drilled out from the same location of samples. The XRD analysis was used to determine the mineral composition of concrete cover samples layer by layer. The critical pH for corrosion initiation of rebars embedded in concrete is reported, and the pH boundary of a semi-carbonated zone is determined.
Experimental Section

In-Situ Inspection
To establish a more reasonable rebar corrosion initiation condition, the carbonation process of concrete and the corrosion status of rebars in existing structures should be known. In addition, the variation in pH values and phase compositions of different cover concrete depths must be determined.
An in-situ durability inspection was conducted on the former Chongqing Steel Mill in Chongqing, China. The mill is a reinforced concrete frame structure, and its total area is about 34,723 m 2 . A random sampling inspection was carried out on the reinforced concrete columns in Plant A for 30 years of service (the isothermal furnace workshop), Plant B for 52 years of service (finishing workshop), and Plant C for 77 years of service (steel rolling workshop).
The reinforced concrete columns were inspected according to the requirements of the Chinese standard for durability assessment of concrete structures (CECS 220-2007) . The inspection of reinforced concrete columns included the following steps:
1.
Visual inspection: The appearance of each column was inspected, and the maximum width of cracked concrete cover was measured.
2.
Samples of concrete cover: An electric hammer was used to drill the cover concrete from the corner of the rectangular columns until the rebar is exposed, as shown in Figure 1 . Then the concrete cover samples were sealed instantly with a vacuum bag to isolate from the air. 3. Cover depths measurement: As Figure 2 shows, a digital Vernier caliper with an accuracy of 0.01 mm was used to measure depth of the cover, while the corrosion status of the rebar was recorded with a high resolution digital camera.
4.
Testing the depth of carbonation: Carbonation depth was measured by spraying a 1% solution of phenolphthalein in ethanol to the fresh concrete surface. Each specimen was measured at three points and the average value was calculated as the value of each measurement.
5.
Samples of drilled concrete core: Cylinder specimens were drilled out from each column where concrete cover samples were collected. 3. Cover depths measurement: As Figure 2 shows, a digital Vernier caliper with an accuracy of 0.01 mm was used to measure depth of the cover, while the corrosion status of the rebar was recorded with a high resolution digital camera. 4. Testing the depth of carbonation: Carbonation depth was measured by spraying a 1% solution of phenolphthalein in ethanol to the fresh concrete surface. Each specimen was measured at three points and the average value was calculated as the value of each measurement. 5. Samples of drilled concrete core: Cylinder specimens were drilled out from each column where concrete cover samples were collected.
Test Method and Procedure
Compression Test
A total of 35 samples of drilled concrete core were tested. The specimens were prepared according to the requirements of the Chinese technical specifications for testing concrete strength with the drilled core method (JGJ/T 384-2016). Each tested cylinder specimen had a 100 mm diameter and a 100 mm height.
Pore Solution pH of Concrete Cover
The experimental program consisted of testing the pH of 108 concrete slices from 35 cover concrete samples. To test the pH value of the concrete cover layer by layer, the first step was to prepare the concrete pore solution. The expression method, which is the most widely recognized technique for acquiring pore solution, was adopted to extract the pore solution of the concrete cover [10, 17, 28] .
A concrete pore solution expression apparatus was designed and manufactured, as shown in 3. Cover depths measurement: As Figure 2 shows, a digital Vernier caliper with an accuracy of 0.01 mm was used to measure depth of the cover, while the corrosion status of the rebar was recorded with a high resolution digital camera. 4. Testing the depth of carbonation: Carbonation depth was measured by spraying a 1% solution of phenolphthalein in ethanol to the fresh concrete surface. Each specimen was measured at three points and the average value was calculated as the value of each measurement. 5. Samples of drilled concrete core: Cylinder specimens were drilled out from each column where concrete cover samples were collected.
Test Method and Procedure
Compression Test
Pore Solution pH of Concrete Cover
A concrete pore solution expression apparatus was designed and manufactured, as shown in Figure 3 . The expression device consists of a hollow steel cylinder where concrete particles are contained. A piston, which is located on the top of the concrete particles inside the hollow cylinder, and a base plate has fluid drainage channels for gathering the extracted concrete pore solution. As 
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Compression Test
Pore Solution pH of Concrete Cover
A concrete pore solution expression apparatus was designed and manufactured, as shown in Figure 3 . The expression device consists of a hollow steel cylinder where concrete particles are contained. A piston, which is located on the top of the concrete particles inside the hollow cylinder, and a base plate has fluid drainage channels for gathering the extracted concrete pore solution. As the concrete particles are compressed, pore fluid is forced into a circular channel and then goes through fluid drainage channels drilled in the base plate. The pH measurement of the concrete cover pore solutions included the following procedures:
1. Samples of concrete cover cutting and drying. Thirty-five concrete cover samples were cut from the outer surface at intervals of 7 mm along the depth of carbonation with a precision saw using water cooling. Because the sizes of the drilled concrete cover samples were different, the number of slices for different concrete cover samples were either 3 or 4. Thus, 108 7-mm-thick slices were obtained from the concrete cover samples, e.g., 0-7, 9-16, 18-25, and 27-34 mm. After the concrete slices were cut, they were dried in an oven at 60 °C for 8 h, as shown in Figure 4a ,b. 2. Samples pre-conditioning. The dried concrete cover slices were crushed into a powder with a maximum particle size of 5 mm, and the coarse aggregates were removed. The particles were then saturated with distilled water spraying, as shown in Figure 4c into the cavity of the hollow cylinder of the concrete pore solution expression device. The extraction tests were conducted at ambient temperature using a servo-hydraulic testing system, as shown in Figure 4d . Pressure was applied to the piston using a maximum pressure of 610 MPa in pressing the concrete particles with a mean rate increase of 2 kN/s. After the maximum pressure is reached, it was held for 10 min until no more pore solutions could be obtained. The pore solution was collected in a centrifuge tube. A minimum volume of 2-3 mL of pore solutions added to carry out pH measurements. 4. pH measurements. The pH of the expressed pore solution was measured directly with a pH meter and a micro combination pH electrode, as shown in Figure 4e . This electrode was designed to measure in the pH = 0-14 range. Before performing the pH measurements, the pH electrode system was calibrated by two standard buffer solutions. The pH measurements were conducted at an ambient temperature within a range of 20-25 °C. The calibrated micro-combination pH electrode remained in the solution until the pH value was constant.
(a) (b) (c) The pH measurement of the concrete cover pore solutions included the following procedures:
Samples of concrete cover cutting and drying. Thirty-five concrete cover samples were cut from the outer surface at intervals of 7 mm along the depth of carbonation with a precision saw using water cooling. Because the sizes of the drilled concrete cover samples were different, the number of slices for different concrete cover samples were either 3 or 4. Thus, 108 7-mm-thick slices were obtained from the concrete cover samples, e.g., 0-7, 9-16, 18-25, and 27-34 mm. After the concrete slices were cut, they were dried in an oven at 60 • C for 8 h, as shown in Figure 4a ,b.
2.
Samples pre-conditioning. The dried concrete cover slices were crushed into a powder with a maximum particle size of 5 mm, and the coarse aggregates were removed. The particles were then saturated with distilled water spraying, as shown in Figure 4c .
3.
Concrete pore solutions extraction. Approximately 20-30 g of the saturated particles were placed into the cavity of the hollow cylinder of the concrete pore solution expression device. The extraction tests were conducted at ambient temperature using a servo-hydraulic testing system, as shown in Figure 4d . Pressure was applied to the piston using a maximum pressure of 610 MPa in pressing the concrete particles with a mean rate increase of 2 kN/s. After the maximum pressure is reached, it was held for 10 min until no more pore solutions could be obtained. The pore solution was collected in a centrifuge tube. A minimum volume of 2-3 mL of pore solutions added to carry out pH measurements. 4.
pH measurements. The pH of the expressed pore solution was measured directly with a pH meter and a micro combination pH electrode, as shown in Figure 4e . This electrode was designed to measure in the pH = 0-14 range. Before performing the pH measurements, the pH electrode system was calibrated by two standard buffer solutions. The pH measurements were conducted at an ambient temperature within a range of 20-25 • C. The calibrated micro-combination pH electrode remained in the solution until the pH value was constant. The pH measurement of the concrete cover pore solutions included the following procedures:
1. Samples of concrete cover cutting and drying. Thirty-five concrete cover samples were cut from the outer surface at intervals of 7 mm along the depth of carbonation with a precision saw using water cooling. Because the sizes of the drilled concrete cover samples were different, the number of slices for different concrete cover samples were either 3 or 4. Thus, 108 7-mm-thick slices were obtained from the concrete cover samples, e.g., 0-7, 9-16, 18-25, and 27-34 mm. After the concrete slices were cut, they were dried in an oven at 60 °C for 8 h, as shown in Figure 4a ,b. 2. Samples pre-conditioning. The dried concrete cover slices were crushed into a powder with a maximum particle size of 5 mm, and the coarse aggregates were removed. The particles were then saturated with distilled water spraying, as shown in Figure 4c . 3. Concrete pore solutions extraction. Approximately 20-30 g of the saturated particles were placed into the cavity of the hollow cylinder of the concrete pore solution expression device. The extraction tests were conducted at ambient temperature using a servo-hydraulic testing system, as shown in Figure 4d . Pressure was applied to the piston using a maximum pressure of 610 MPa in pressing the concrete particles with a mean rate increase of 2 kN/s. After the maximum pressure is reached, it was held for 10 min until no more pore solutions could be obtained. The pore solution was collected in a centrifuge tube. A minimum volume of 2-3 mL of pore solutions added to carry out pH measurements. 4. pH measurements. The pH of the expressed pore solution was measured directly with a pH meter and a micro combination pH electrode, as shown in Figure 4e . This electrode was designed to measure in the pH = 0-14 range. Before performing the pH measurements, the pH electrode system was calibrated by two standard buffer solutions. The pH measurements were conducted at an ambient temperature within a range of 20-25 °C. The calibrated micro-combination pH electrode remained in the solution until the pH value was constant.
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X-ray Diffraction (XRD) Measurements
The XRD analysis was used to determine the phase compositions of the cover concrete samples layer by layer. At the time of sampling preparation in the pH measurement tests, a few pieces of samples were taken from each cover concrete slice. The samples were first pulverized in ethanol by an agate mortar and passed through an 80 μm sieve for vacuum filtrating. The powder was dried in an oven at 60 °C for 8 h. A PANalytical Empyrean system was employed using a Cu Kα source to obtain experimental XRD patterns of the power, scanning from 5 to 70° at a rate of 2° per minute. Table 1 shows the in-situ test results of 35 reinforced concrete columns where the samples of concrete cover were drilled, including the column cross-sections, depth of cover, depth of carbonation, maximum crack width (wmax) induced by corrosion, and corrosion status of embedded rebars.
Results and Discussions
In-Situ Test Results
The in-situ test results indicated that there are four typical states in reinforced concrete columns. The first status, shown in Figure 5a , has no corrosion-induced cracks and the rebar is uncorroded as well; thus, this status is uncracked and uncorroded. Figure 5b reveals no corrosion-induced cracks with only the transverse ribs and longitudinal ribs corroded; this status is uncracked and minor corrosion. Figure 5c shows that both the transverse/longitudinal ribs to be corroded. The rebar surfaces between the ribs are also corroded; thus, this status is uncracked with moderate corrosion. Figure 5d shows corrosion-induced cracks and the surface of the rebar being completely exfoliated due to corrosion. This status is cracked and severe corrosion. 
X-ray Diffraction (XRD) Measurements
The XRD analysis was used to determine the phase compositions of the cover concrete samples layer by layer. At the time of sampling preparation in the pH measurement tests, a few pieces of samples were taken from each cover concrete slice. The samples were first pulverized in ethanol by an agate mortar and passed through an 80 µm sieve for vacuum filtrating. The powder was dried in an oven at 60 • C for 8 h. A PANalytical Empyrean system was employed using a Cu Kα source to obtain experimental XRD patterns of the power, scanning from 5 to 70 • at a rate of 2 • per minute. Table 1 shows the in-situ test results of 35 reinforced concrete columns where the samples of concrete cover were drilled, including the column cross-sections, depth of cover, depth of carbonation, maximum crack width (w max ) induced by corrosion, and corrosion status of embedded rebars.
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Results and Discussions
In-Situ Test Results
Results of Strength Tests
Results of concrete strength tests are shown in Table 1 . It can be found that the compressive strength of the uncracked samples with minor corrosion and moderate corrosion varied widely from 40.5 to 58.3 MPa and 42.4 to 57.1 MPa, respectively. The cracked samples with severe corrosion varied from 42.5 to 58.0 MPa. 
Results of concrete strength tests are shown in Table 1 . It can be found that the compressive strength of the uncracked samples with minor corrosion and moderate corrosion varied widely from 40.5 to 58.3 MPa and 42.4 to 57.1 MPa, respectively. The cracked samples with severe corrosion varied from 42.5 to 58.0 MPa.
Variation in pH along the Depth of Cover
Variation in pH along the cover depth for uncracked samples with minor corrosion is shown in Figure 6a . The pH along the cover depth ranged from 8.5 to 12.1. The pH values at depths of 3.5 mm, 10.5 mm, and 17.5 mm from the concrete surface were in ranges of 8.5-11.3, 9.5-11.9, and 11.3-12.1, respectively.
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Variation in pH along the Depth of Cover
Variation in pH along the cover depth for uncracked samples with minor corrosion is shown in Figure 6a . The pH along the cover depth ranged from 8.5 to 12.1. The pH values at depths of 3.5 mm, 10.5 mm, and 17.5 mm from the concrete surface were in ranges of 8.5-11.3, 9.5-11.9, and 11.3-12.1, respectively. It was found that pH increases with the increase in depth, as shown in Figure 6 . Figure 7a shows that the full carbonation depth is much less than one-third of the cover depth. This indicates that the proportion of semi-carbonated and uncarbonated zones is higher. Based on the carbonation mechanism, carbon dioxide diffused from outside to inside of the concrete and carbonated with the alkaline substance. The carbonation reaction resulted in an increase in the content of calcium carbonate CaCO3 and a reduction of calcium hydroxide Ca(OH)2 from the concrete surface to the It was found that pH increases with the increase in depth, as shown in Figure 6 . Figure 7a shows that the full carbonation depth is much less than one-third of the cover depth. This indicates that the proportion of semi-carbonated and uncarbonated zones is higher. Based on the carbonation mechanism, carbon dioxide diffused from outside to inside of the concrete and carbonated with the alkaline substance. The carbonation reaction resulted in an increase in the content of calcium carbonate CaCO 3 and a reduction of calcium hydroxide Ca(OH) 2 from the concrete surface to the inside. Thus, carbonated products alter the pH of the concrete pore solution; CaCO 3 reduces the pH value, and Ca(OH) 2 increases the pH values.
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inside. Thus, carbonated products alter the pH of the concrete pore solution; CaCO3 reduces the pH value, and Ca(OH)2 increases the pH values.
(a) (b) (c) Variation in pH along the cover depth for uncracked samples with moderate corrosion is shown in Figure 6b . The pH along the cover depth was between 8.7 and 10.8. The pH values at depths of 3.5 mm, 10.5 mm and 17.5 mm from the concrete surface were in ranges of 8.7-10.5, 9.5-10.6, and 10.2-10.8, respectively. Compared with the minor corrosion samples, the pH of moderate corrosion samples reduced significantly at the same depth and varied in a narrower range. Figure 7b shows that the full-carbonation depth was much less than one-half of the cover depth. This indicates that the proportion of fully carbonated zone increases with the corrosion degree. This result agrees with findings obtained with the pH test.
Variation in pH along the cover depth for cracked samples with severe corrosion is shown in Figure 6c . The pH of the concrete solution along the cover was between 8.0 and 10.0. The pH at depths of 3.5 mm, 10.5 mm and 17.5 mm from the concrete surface were in ranges of 8.0-9.5, 8.5-10.0, and 9.0-10.0, respectively. Compared with the uncracked samples, the pH of cracked samples reduced significantly at the same depth. Figure 6c also shows that the pH of cracked samples with severe corrosion slightly changed along the cover depth, and its value fluctuated at pH = 9.0. This is because corrosion-induced cracks along the rebar provide a convenient channel for the diffusion of carbon dioxide; thus, a steady stream of carbon dioxide accelerates the carbonation process of the cover concrete for cracked samples. Figure 6c confirms this, showing where the carbonation depth of the cracked sample exceeds or is close to the cover depth. Thus, the cover is completely carbonized, allowing little variation in pH to occur along the cover depth. Variation in pH along the cover depth for uncracked samples with moderate corrosion is shown in Figure 6b . The pH along the cover depth was between 8.7 and 10.8. The pH values at depths of 3.5 mm, 10.5 mm and 17.5 mm from the concrete surface were in ranges of 8.7-10.5, 9.5-10.6, and 10.2-10.8, respectively. Compared with the minor corrosion samples, the pH of moderate corrosion samples reduced significantly at the same depth and varied in a narrower range. Figure 7b shows that the full-carbonation depth was much less than one-half of the cover depth. This indicates that the proportion of fully carbonated zone increases with the corrosion degree. This result agrees with findings obtained with the pH test.
Variation in pH along the cover depth for cracked samples with severe corrosion is shown in Figure 6c . The pH of the concrete solution along the cover was between 8.0 and 10.0. The pH at depths of 3.5 mm, 10.5 mm and 17.5 mm from the concrete surface were in ranges of 8.0-9.5, 8.5-10.0, and 9.0-10.0, respectively. Compared with the uncracked samples, the pH of cracked samples reduced significantly at the same depth. Figure 6c also shows that the pH of cracked samples with severe corrosion slightly changed along the cover depth, and its value fluctuated at pH = 9.0. This is because corrosion-induced cracks along the rebar provide a convenient channel for the diffusion of carbon dioxide; thus, a steady stream of carbon dioxide accelerates the carbonation process of the cover concrete for cracked samples. Figure 6c confirms this, showing where the carbonation depth of the cracked sample exceeds or is close to the cover depth. Thus, the cover is completely carbonized, allowing little variation in pH to occur along the cover depth. Figure 8 presents the variation in pH with concrete compressive strength. It was found that the pH values decrease with the increase in compressive strength at different depths. This is likely because, with the increase in strength, the porosity of the concrete decreases, and the diffusion rate of carbon dioxide in the concrete pore also decreases. This phenomenon was also observed in carbonation tests of concrete prepared from an accelerated corrosion process [24] . As a result, carbonation reaction of high-strength concrete is more adequate, and the pH of the concrete is low at the same depth.
Variation in pH with Concrete Compressive Strength
Appl. Sci. 2018, 8, 128 9 of 16 Figure 8 presents the variation in pH with concrete compressive strength. It was found that the pH values decrease with the increase in compressive strength at different depths. This is likely because, with the increase in strength, the porosity of the concrete decreases, and the diffusion rate of carbon dioxide in the concrete pore also decreases. This phenomenon was also observed in carbonation tests of concrete prepared from an accelerated corrosion process [24] . As a result, carbonation reaction of high-strength concrete is more adequate, and the pH of the concrete is low at the same depth. 
Variation in pH with Crack Width
The test results showed that pH was not sensitive to the maximum crack widths at different depths, as shown in Figure 9 . Therefore, it is assumed that crack widths have little effect on the variations in pH. 
The test results showed that pH was not sensitive to the maximum crack widths at different depths, as shown in Figure 9 . Therefore, it is assumed that crack widths have little effect on the variations in pH. The variation in carbonation depth with maximum crack widths is shown in Figure 10 . It can be seen that the carbonation depth increases linearly with increases in maximum crack width. This is because, with the increase in crack widths, the diffusion rate of carbon dioxide in the concrete increases, which results in deeper and rapid penetration of carbonation. This is in agreement with previous test results [24, [42] [43] . The variation in carbonation depth with maximum crack widths is shown in Figure 10 . It can be seen that the carbonation depth increases linearly with increases in maximum crack width. This is because, with the increase in crack widths, the diffusion rate of carbon dioxide in the concrete increases, which results in deeper and rapid penetration of carbonation. This is in agreement with previous test results [24, 42, 43] . Figure 9 . Variation in pH with maximum crack width of cracked samples.
The variation in carbonation depth with maximum crack widths is shown in Figure 10 . It can be seen that the carbonation depth increases linearly with increases in maximum crack width. This is because, with the increase in crack widths, the diffusion rate of carbon dioxide in the concrete increases, which results in deeper and rapid penetration of carbonation. This is in agreement with previous test results [24, [42] [43] . 
XRD Analysis
The variation in XRD patterns along the cover depth for uncracked samples with minor and moderate corrosion is similar. Therefore, only the XRD patterns of Sample B6 are shown. For the same reason, only the XRD patterns of a cracked sample with severe corrosion, Sample C1, are given.
The XRD patterns of the samples at different depths are shown in Figure 11 . The results indicate that the main phase compositions included quartz, CaCO3, scolecite, dolomite, ettringite, albite, Ca(OH)2, CSH gel, C3S, and C2S. 
The XRD patterns of the samples at different depths are shown in Figure 11 . The results indicate that the main phase compositions included quartz, CaCO 3 , scolecite, dolomite, ettringite, albite, Ca(OH) 2 , CSH gel, C 3 S, and C 2 S. Weakened Ca(OH)2 peaks began to appear at a depth of 17.5 mm, and the corresponding pH was 11.6. When the depth was greater than 17.5 mm, the diffraction peaks of Ca(OH)2 became higher, and the pH increased to 12.0 at a depth of 24.5 mm. The carbonation depth 10.95 mm of Sample B6 was much smaller than the cover depth 38.49 mm, as shown in Table 1 . However, the in-situ test Weakened Ca(OH) 2 peaks began to appear at a depth of 17.5 mm, and the corresponding pH was 11.6. When the depth was greater than 17.5 mm, the diffraction peaks of Ca(OH) 2 became higher, and the pH increased to 12.0 at a depth of 24.5 mm. The carbonation depth 10.95 mm of Sample B6 was much smaller than the cover depth 38.49 mm, as shown in Table 1 . However, the in-situ test results indicate that the rebar exhibited minor corrosion, as shown in Figure 5b . This indicates that the rebars had begun to corrode when the carbonation depth failed to reach the surface of the rebar; moreover, a semi-carbonated zone existed between the fully carbonated zone and the rebar.
The XRD patterns of the cracked Sample C1 at different depths are shown in Figure 11b . The diffraction peaks of Ca(OH) 2 are no longer visible at different depths. The pH at depths of 3.5 mm, 10.5 mm, 17.5 mm, and 24.5 mm are 9.41, 8.94, 9.33, and 9.50, respectively. This indicates that the full carbonation depth had exceeded the cover depth. Thus, the fully carbonated zone determined by the pH was consistent with the in-situ inspection results. The carbonation depth (35.22 mm) of Sample C1 is greater than the cover depth (29.35 mm), as shown in Table 1 . The in-situ test results indicate that the rebar exhibits a severe corrosion, as shown in Figure 5d . It could be found that when pH is in a range of 9.0-9.5, the concrete is fully carbonated.
The pH of Concrete Cover for Corrosion Initiation
The corrosion initiation of the rebar started from the corrosion of the ribs because the carbonation front is always the first to reach the surface of the rib. In this paper, it is argued that the corrosion initiation of the rebar does not show corrosion-induced cracks on the cover, and only the transverse/longitudinal ribs of rebars corroded (Figure 5b) . Thus, the pH around a rebar is the pH value for corrosion initiation of rebars embedded in concrete, i.e., the pH of Sample B6 is 12.01.
To determine the pH of concrete cover for the corrosion initiation of rebars embedded in concrete, the same method of analysis as that of Sample B6 in Section 3.3 was used to analyze other uncracked samples with minor corrosion. A combination analysis of in-situ inspection results, the pore solution pH test results, and XRD results were considered. It was found that the corrosion initiation of rebars embedded in concrete can occur when the pH is in the range of 11.3-12.1, as shown in Figure 12 . To obtain the critical pH of the fully carbonated zone, the same analysis procedure as that completed for Sample C1 in Section 3.3 was used to analyze other cracked samples with severe corrosion. The concrete is fully carbonated when the pH value has a pH of 8.0-9.5, as shown in Figure  13 . This is in agreement with previous test results [19, 44] . To obtain the critical pH of the fully carbonated zone, the same analysis procedure as that completed for Sample C1 in Section 3.3 was used to analyze other cracked samples with severe corrosion. The concrete is fully carbonated when the pH value has a pH of 8.0-9.5, as shown in Figure 13 . This is in agreement with previous test results [19, 44] . To obtain the critical pH of the fully carbonated zone, the same analysis procedure as that completed for Sample C1 in Section 3.3 was used to analyze other cracked samples with severe corrosion. The concrete is fully carbonated when the pH value has a pH of 8.0-9.5, as shown in Figure  13 . This is in agreement with previous test results [19, 44] . The in-situ inspection results indicate that the rebar would begin to corrode when the carbonation depth failed to reach its surface. Variation in pH value in the carbonated concrete cover is shown in Figure 14 . The pore solution pH test results and XRD analysis indicate that a semicarbonated zone exists between the fully carbonated zone and the uncarbonated zone. The semicarbonated phenomenon is due to the carbonation reaction rate of concrete being lower than the rate of carbon dioxide diffusion. The in-situ inspection results indicate that the rebar would begin to corrode when the carbonation depth failed to reach its surface. Variation in pH value in the carbonated concrete cover is shown in Figure 14 . The pore solution pH test results and XRD analysis indicate that a semi-carbonated zone exists between the fully carbonated zone and the uncarbonated zone. The semi-carbonated phenomenon is due to the carbonation reaction rate of concrete being lower than the rate of carbon dioxide diffusion. The pH at the interface of fully carbonated and semi-carbonated zones is considered to be the lower limit of the semi-carbonated zone, and the pH value at the rebar is in the upper pH value limit. Thus, the boundary of the semi-carbonated zone is at pH values ranging from 9.5 to 12.1. This is a little higher than the previous test results from an accelerated carbonation process [45] , and its pH of the semi-carbonated zone is in the range of 9.0 and 11.5. This is most likely due to the higher carbonation rates by using a higher carbon dioxide concentration and controlled environment parameters (i.e., temperature, relative humidity (RH)) of accelerated carbonation on concrete [1] . As a result, the currently used carbonation coefficients of concrete in the evaluation of existing buildings, which are mostly established based on experimental results using an accelerated carbonation process, may be overestimated and not suitable for application to naturally carbonated reinforced concrete structures.
Conclusions
The in-situ inspection results indicate that the rebar embedded in concrete had begun to corrode when the carbonation depth was almost less than one-third of the cover depth. The initiation of corrosion of rebars embedded in concrete can occur when the pH values was in the range of 11.3-12.1.
The pore solution pH test results and XRD analysis indicate that there is a semi-carbonated zone between the fully carbonated zone and the rebar in the corrosion process induced by carbonation. The pH at the interface of fully carbonated and semi-carbonated zones is considered to be the lower limit of the semi-carbonated zone, and the pH value at the rebar is in the upper pH value limit. Thus, the boundary of the semi-carbonated zone is at pH values ranging from 9.5 to 12.1. This is a little higher than the previous test results from an accelerated carbonation process [45] , and its pH of the semi-carbonated zone is in the range of 9.0 and 11.5. This is most likely due to the higher carbonation rates by using a higher carbon dioxide concentration and controlled environment parameters (i.e., temperature, relative humidity (RH)) of accelerated carbonation on concrete [1] . As a result, the currently used carbonation coefficients of concrete in the evaluation of existing buildings, which are mostly established based on experimental results using an accelerated carbonation process, may be overestimated and not suitable for application to naturally carbonated reinforced concrete structures.
The pore solution pH test results and XRD analysis indicate that there is a semi-carbonated zone between the fully carbonated zone and the rebar in the corrosion process induced by carbonation. The pH value of the fully carbonated zone has a pH of 8.0-9.5, and almost no Ca(OH) 2 is in the concrete cover. The pH value of the semi-carbonated zone is in the range of 9.5-12.1, and the concrete cover contains both Ca(OH) 2 and CaCO 3 .
The pH values decrease with the increase in concrete compressive strength. Crack widths have little effect on the variations in pH. The carbonation depth increases linearly with increases in crack width.
